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CHAPTER 1 



An Introduction to Electric Circuits 

John Bird 



1.1 SI Units 

The system of units used in engineering and science is the Systeme International d’Unites 
(International system of units), usually abbreviated to SI units, and is based on the metric 
system. This was introduced in 1960 and is now adopted by the majority of countries as 
the official system of measurement. 

The basic units in the SI system are listed with their symbols, in Table 1.1. 

Derived SI units use combinations of basic units and there are many of them. Two 
examples are: 

• Velocity — meters per second (m/s) 

• Acceleration — meters per second squared (m/s 2 ) 



Table 1.1: Basic SI units 



Quantity 


Unit 


length 


meter, m 


mass 


kilogram, kg 


time 


second, s 


electric current 


ampere, A 


thermodynamic temperature 


kelvin, K 


luminous intensity 


candela, cd 


amount of substance 


mole, mol 



www.newnespress.com 






More Books Visit : www.iqbalkalmati.blogspot.com 



2 Chapter 1 



Table 1.2: Six most common multiples 



Prefix 


Name 


Meaning 


M 


mega 


multiply by 1,000,000 


(i.e. : 


X10 6 ) 


k 


kilo 


multiply by 1 ,000 


(i.e. : 


X10 3 ) 


m 


milli 


divide by 1 ,000 


(i.e. : 


X10~ 3 ) 


IT 


micro 


divide by 1,000,000 


(i.e. : 


X10~ 6 ) 


n 


nano 


divide by 1,000,000,000 


(i.e. : 


X10~ 9 ) 


p 


pico 


divide by 1,000,000,000,000 


1 (1 ; 


X10~ 12 ) 



SI units may be made larger or smaller by using prefixes that denote multiplication or 
division by a particular amount. The six most common multiples, with their meaning, are 
listed in Table 1.2. 

1.2 Charge 

The unit of charge is the coulomb (C) where one coulomb is one ampere second. 

(1 coulomb = 6.24 X 10 18 electrons). The coulomb is defined as the quantity of 
electricity that flows past a given point in an electric circuit when a current of one ampere 
is maintained for one second. Thus, 

charge, in coulombs Q — It 

where I is the current in amperes and t is the time in seconds. 

Example 1.1 

If a current of 5 A flows for 2 minutes, find the quantity of electricity transferred. 

Solution 

Quantity of electricity Q — It coulombs 
7-5 A, t = 2X 60 = 120s 
Hence, Q = 5 X 120 = 600 C 

1 .3 Force 

The unit of force is the newton (N) where one newton is one kilogram meter per 
second squared. The newton is defined as the force which, when applied to 
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a mass of one kilogram, gives it an acceleration of one meter per second squared. 

Thus, 

force, in newtons F = ma 

where m is the mass in kilograms and a is the acceleration in meters per second squared. 
Gravitational force, or weight, is mg, where g — 9.81 m/s 2 . 

Example 1.2 

A mass of 5000 g is accelerated at 2 m/s 2 by a force. Determine the force needed. 

Solution 

Force = mass X acceleration 

- 5kgX2m/s 2 = 10^ - ION 
s- 



Example 1.3 

Find the force acting vertically downwards on a mass of 200 g attached to a wire. 

Solution 

Mass — 200 g = 0.2 kg and acceleration due to gravity, g = 9.81 m/s 2 
Force acting downwards = weight = mass X acceleration 

- 0.2 kg X 9.81 m/s 2 

- 1.962 N 



1.4 Work 

The unit of work or energy is the joule (J) where one joule is one Newton meter. 

The joule is defined as the work done or energy transferred when a force of 
one newton is exerted through a distance of one meter in the direction of the force. 

Thus, 

work done on a body, in joules W — Fs 

where F is the force in Newtons and s is the distance in meters moved by the body in the 
direction of the force. Energy is the capacity for doing work. 
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1.5 Power 



The unit of power is the watt (W) where one watt is one joule per second. Power is 
defined as the rate of doing work or transferring energy. Thus, 
o W 

power in watts, r — — 

where W is the work done or energy transferred in joules and t is the time in seconds. Thus, 
energy, in joules, W — Pt 

Example 1.4 

A portable machine requires a force of 200 N to move it. How much work is done if the 
machine is moved 20 m and what average power is utilized if the movement takes 25 s? 



Solution 

Work done = force X distance 
= 200 N X 20m 
= 4000 Nm or 4 kJ 



_ work done 

Power = 

time taken 



4000 J 
25 s 



160 J/s 



160 W 



Example 1.5 

A mass of 1000kg is raised through a height of 10m in 20s. What is (a) the work done 
and (b) the power developed? 



Solution 



(a) Work done = force X distance and 
force = mass X acceleration 
Hence, work done = (1000 kg X 9.81m/s 2 ) X (10m) 
= 98 100 Nm 

= 98.1 kNm or 98.1 kJ 



„ , _ work done 

(b) Power = 

time taken 



98 100 J 
20 s 



- 4905 J/s 



4905 W or 4.905 kW 
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1.6 Electrical Potential and e.m.f. 

The unit of electric potential is the volt (V) where one volt is one joule per coulomb. One 
volt is defined as the difference in potential between two points in a conductor which, 
when carrying a current of one ampere, dissipates a power of one watt, i.e., 

, watts joules/second 

volts = = 

amperes amperes 

_ joules _ joules 

ampere seconds coulombs 

A change in electric potential between two points in an electric circuit is called a 
potential difference. The electromotive force (e.m.f.) provided by a source of energy such 
as a battery or a generator is measured in volts. 

1.7 Resistance and Conductance 

The unit of electric resistance is the ohm (fl) where one ohm is one volt per ampere. It 
is defined as the resistance between two points in a conductor when a constant electric 
potential of one volt applied at the two points produces a current flow of one ampere in 
the conductor. Thus, 

V 

resistance, in ohms R — — 

where V is the potential difference across the two points in volts and I is the current 
flowing between the two points in amperes. 

The reciprocal of resistance is called conductance and is measured in siemens (S). Thus, 

conductance, in siemens G = — 

R 

where R is the resistance in ohms. 

Example 1.6 

Find the conductance of a conductor of resistance (a) 10 Q., (b) 5 kO and (c) lOOmO. 

Solution 

(a) Conductance G — — = — siemen = 0.1 S 
R 10 
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(b) G 

(c) G 



R 

J_ 

R 



1 



5X10 3 

1 



S = 0.2 X 10~ 3 S 



_s = l^s = 

100 X 10~ 3 100 



- 0.2 mS 
10 S 



1.8 Electrical Power and Energy 

When a direct current of I amperes is flowing in an electric circuit and the voltage across 
the circuit is V volts, then, 

power, in watts P = VI 

Electrical energy = Power X time 
= V/t joules 

Although the unit of energy is the joule, when dealing with large amounts of energy, the 
unit used is the kilowatt hour (kWh) where 

1 kWh = 1000 watt hour 

- 1000 X 3600 watt seconds or joules 

- 3,600,000 J 

Example 1.7 

A source e.m.f. of 5 V supplies a current of 3 A for 10 minutes. How much energy is 
provided in this time? 

Solution 

Energy = power X time and power = voltage X current. 

Hence, 

Energy = Vlt = 5 X 3X(10 X 60) 

= 9000 Ws or J 
= 9kJ 



Example 1.8 

An electric heater consumes 1.8 MJ when connected to a 250 V supply for 30 minutes. 
Find the power rating of the heater and the current taken from the supply. 
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Solution 

Energy = power X time, 

energy 

power = 

time 

= L8X1 ° 6 J = 1000 J/s - 1000 W 
30 X 60 s 

i.e., Power rating of heater = 1 kW 

_ T jj , T P 1000 „ 

Power P — VL thus, I — — = = 4 A 

V 250 

Hence, the current taken from the supply is 4 A. 

1.9 Summary of Terms, Units and Their Symbols 



Table 1.3: Electrical terms, units, and symbols 



Quantity 


Quantity Symbol 


Unit 


Unit symbol 


Length 


/ 


meter 


m 


Mass 


m 


kilogram 


k g 


Time 


t 


second 


s 


Velocity 


V 


meters per second 


m/s or m s _1 


Acceleration 


a 


meters per second squared 


m/s 2 or m s ~ 2 


Force 


F 


newton 


N 


Electrical charge or quantity 


Q 


coulomb 


C 


Electric current 


/ 


ampere 


A 


Resistance 


R 


ohm 


0 


Conductance 


G 


siemen 


S 


Electromotive force 


E 


volt 


V 


Potential difference 


V 


volt 


V 


Work 


W 


joule 


J 


Energy 


E (or W) 


joule 


J 


Power 


P 


watt 


w 
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Conductor 

Two conductors Two conductors 

crossing but not joined together 

joined 



Fixed resister 



-I- 

Cell 




Switch 



© 

Ammeter 



vwv 

Alternative symbol 
fixed resister 



Battery of 3 cells 

-©- 

Filament lamp 

© 

Voltmeter 




Variable resistor 



Alternative symbol 
for battery 



Fuse 




Alternative fuse 
symbol 



Figure 1.1: Common electrical component symbols 



1.10 Standard Symbols for Electrical Components 

Symbols are used for components in electrical circuit diagrams and some of the more 
common ones are shown in Figure 1.1. 

1.1 1 Electric Current and Quantity of Electricity 

All atoms consist of protons, neutrons and electrons. The protons, which have 
positive electrical charges, and the neutrons, which have no electrical charge, are 
contained within the nucleus. Removed from the nucleus are minute negatively charged 
particles called electrons. Atoms of different materials differ from one another by having 
different numbers of protons, neutrons and electrons. An equal number of protons and 
electrons exist within an atom and it is said to be electrically balanced, as the positive and 
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negative charges cancel each other out. When there are more than two electrons 
in an atom the electrons are arranged into shells at various distances from the 
nucleus. 

All atoms are bound together by powerful forces of attraction existing between 
the nucleus and its electrons. Electrons in the outer shell of an atom, however, are 
attracted to their nucleus less powerfully than are electrons whose shells are nearer the 
nucleus. 

It is possible for an atom to lose an electron; the atom, which is now called an ion, 
is not now electrically balanced, but is positively charged and is thus able to attract 
an electron to itself from another atom. Electrons that move from one atom to another 
are called free electrons and such random motion can continue indefinitely. However, 
if an electric pressure or voltage is applied across any material there is a tendency 
for electrons to move in a particular direction. This movement of free electrons, 
known as drift, constitutes an electric current flow. Thus current is the rate of movement 
of charge. 

Conductors are materials that contain electrons that are loosely connected to the nucleus 
and can easily move through the material from one atom to another. 

Insulators are materials whose elections are held firmly to their nucleus. 

The unit used to measure the quantity of electrical charge Q is called the coulomb C 
(where 1 coulomb = 6.24 X 10 18 electrons). 

If the drift of electrons in a conductor takes place at the rate of one coulomb per second 
the resulting current is said to be a current of one ampere. 

Thus, 1 ampere = 1 coulomb per second or 1 A = 1 C/s. Hence, 1 coulomb = 1 ampere 
second or 1 C = 1 As. Generally, if I is the current in amperes and t the time in seconds 
during which the current flows, then / X t represents the quantity of electrical charge in 
coulombs, i.e., quantity of electrical charge transferred, 

Q = I X t coulombs 



Example 1.9 

What current must flow if 0.24 coulombs is to be transferred in 15 ms? 
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Solution 

Since the quantity of electricity, Q — It, then 



Q _ 0.24 _ 0.24 X 10 3 _ 240 

7 ~~ 15 X 10~ 3 15 17 



Example 1.10 

If a current of 10 A flows for 4 minutes, find the quantity of electricity transferred. 

Solution 

Quantity of electricity, Q — It coulombs 
7= 10A; 7 = 4 X 60 = 240s 
Hence, Q= 10 X 240 = 2400 C 

1 .1 2 Potential Difference and Resistance 

For a continuous current to flow between two points in a circuit a potential difference 
or voltage, V, is required between them; a complete conducting path is necessary to and 
from the source of electrical energy. The unit of voltage is the volt, V. 

Figure 1 .2 shows a cell connected across a filament lamp. Current flow, by convention, 
is considered as flowing from the positive terminal of the cell, around the circuit to the 
negative terminal. 

The flow of electric current is subject to friction. This friction, or opposition, is called 
resistance R and is the property of a conductor that limits current. The unit of resistance 
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is the 0/7/77; 1 ohm is defined as the resistance which will have a current of 1 ampere 
flowing through it when 1 volt is connected across it, i.e., 



potential difference 

resistance R = 

current 



1.13 Basic Electrical Measuring Instruments 

An ammeter is an instrument used to measure current and must be connected in series 
with the circuit. Figure 1.2 shows an ammeter connected in series with the lamp to 
measure the current flowing through it. Since all the current in the circuit passes through 
the ammeter it must have a very low resistance. 

A voltmeter is an instrument used to measure voltage and must be connected in parallel 
with the part of the circuit whose voltage is required. In Figure 1.2, a voltmeter is 
connected in parallel with the lamp to measure the voltage across it. To avoid a significant 
current flowing through it, a voltmeter must have a very high resistance. 

An ohmmeter is an instrument for measuring resistance. 

A multimeter, or universal instrument, may be used to measure voltage, current and 
resistance. The oscilloscope may be used to observe waveforms and to measure voltages 
and currents. The display of an oscilloscope involves a spot of light moving across a 
screen. The amount by which the spot is deflected from its initial position depends on 
the voltage applied to the terminals of the oscilloscope and the range selected. The 
displacement is calibrated in volts per cm. For example, if the spot is deflected 3 cm and 
the volts/cm switch is on lOV/cm, then the magnitude of the voltage is 3cm X lOV/cm, 
i.e., 30 V. 

1.14 Linear and Nonlinear Devices 

Figure 1.3 shows a circuit in which current I can be varied by the variable resistor R 2 . 

For various settings of R 2 , the current flowing in resistor R h displayed on the ammeter, 
and the p.d. across Ri, displayed on the voltmeter, are noted and a graph is plotted of p.d. 
against current. The result is shown in Figure 1 .4(a) where the straight line graph passing 
through the origin indicates that current is directly proportional to the voltage. Since the 
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Figure 1.3: Circuit in which current can be varied 




Figure 1.4: Graphs of voltage vs. current: (a) linear device (b) nonlinear device 



gradient, i.e., (voltage/current), is constant, resistance is constant. A resistor is thus an 
example of a linear device. 

If the resistor in Figure 1.3 is replaced by a component such as a lamp, then the graph 
shown in Figure 1 .4(b) results when values of voltage are noted for various current 
readings. Since the gradient is changing, the lamp is an example of a nonlinear device. 

1.15 Ohm’s Law 

Ohm ’s law states that the current I flowing in a circuit is directly proportional to the 
applied voltage V and inversely proportional to the resistance R , provided the temperature 
remains constant. Thus, 

V V 

I = — or V = IR or R = — 

R I 
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Example 1.11 

The current flowing through a resistor is 0.8 A when a voltage of 20 V is applied. 
Determine the value of the resistance. 

Solution 

From Ohm’s law, 

„ V 20 200 

resistance R — — — — = — 25 S l 

I 0.8 8 

1.16 Multiples and Submultiples 

Currents, voltages and resistances can often be very large or very small. Thus multiples 
and submultiples of units are often used. The most common ones, with an example of 
each, are listed in Table 1 .4. 

Example 1.12 

Determine the voltage which must be applied to a 2 kO resistor in order that a current of 
10 mA may flow. 

Solution 

Resistance R = 2kCl = 2 X 10 3 = 2000D 



Table 1.4: Common multiples and submultiples of units 



Prefix 


Name 


Meaning 


Example 


M 


mega 


multiply by 1,000,000 (i.e., X10 6 ) 


2 Mil = 2,000,000 ohms 


k 


kilo 


multiply by 1000 (i.e., X10 3 ) 


10 kV - 10,000 volts 


m 


milli 


divide by 1 000 (i.e., XI 0~ 3 ) 


25 mA = A 

1000 

= 0.025 amperes 


u 


micro 


divide by 1,000,000 (i.e., X10~ 6 ) 


50 

50 uV — V 

1000000 

= 0.00005 volts 
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Current / = 10 mA 

= 10 X 10~ 3 A or 
= 0.01 A 



10 

10 3 




1000 



From Ohm’s law. potential difference, 
V = IR — (0.01) (2000) = 20 V 



Example 1.13 

A coil has a current of 50 mA flowing through it when the applied voltage is 12 V. 
What is the resistance of the coil? 



Solution 

V 12 

Resistance R — — = 

I 50 X 10~ 3 



12 X 10 3 
50 

12 000 = 
50 



240 Cl 



Example 1.14 

A 100 V battery is connected across a resistor and causes a current of 5 mA to flow. 
Determine the resistance of the resistor. If the voltage is now reduced to 25 V, what will 
be the new value of the current flowing? 



Solution 

V 

Resistance R — — 

/ 



100 

5 X 10~ 3 



100 X 10 3 
5 

20X 10 3 - 20kfi 



Current when voltage is reduced to 25 V, 

/ = — = — = — X 10~ 3 = 1.25 mA 

R 20 X 10 3 20 
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Example 1.15 

What is the resistance of a coil that draws a current of (a) 50 mA and (b) 200 [i A from 
a 120 V supply? 

Solution 



(a) Resistance R 



(b) Resistance R 



V = 120 

I 50 X 10~ 3 
= 120 _ = 12 000 
” 005 5 



2400 Q or 2.4 kfl 



120 



200 X 10~ 6 
1200000 



120 

” 0.0002 

600 000 ft or 600 kfi 



or 0.6 Mf2 



Example 1.16 

The cuiTent/voltage relationship for two resistors A and B is as shown in Figure 1.5. 
Determine the value of the resistance of each resistor. 



Solution 

For resistor A, 



R - V - 20A 
I 20 mA 



20 

0.02 



= 1000 Cl or lkf l 

2 




Figure 1.5: Current/voltage for two resistors A and B 
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For resistor B, 

„ V 16 V 16 16000 

R — — = = = = 3200 Cl or 3.2 kfi 

I 5 mA 0.005 5 

1.17 Conductors and Insulators 

A conductor is a material having a low resistance which allows electric current to flow 
in it. All metals are conductors and some examples include copper, aluminium, brass, 
platinum, silver, gold and carbon. 

An insulator is a material having a high resistance which does not allow electric current 
to flow in it. Some examples of insulators include plastic, rubber, glass, porcelain, air, 
paper, cork, mica, ceramics and certain oils. 

1.18 Electrical Power and Energy 

1.18.1 Electrical Power 

Power P in an electrical circuit is given by the product of potential difference V and 
current I. The unit of power is the watt, W. Flence, 

P — V X I watts 

From Ohm’s law, V — IR. 

Substituting for V in equation (1.1) gives: 

P = (IR) X I 

i.e., P — I 2 R watts 

V 

Also, from Ohm's law, I — — 

R 

Substituting for I in the equation above gives: 

V 

P — V X — 

R 

V 2 

i.e., P = — watts 

R 

There are three possible formulas that may be used for calculating power. 



www.newnespress.com 




More Books Visit : www.iqbalkalmati.blogspot.com 

An Introduction to Electric Circuits 



17 



Example 1.17 

A 100 W electric light bulb is connected to a 250 V supply. Determine (a) the current 
flowing in the bulb, and (b) the resistance of the bulb. 

Solution 

P 

Power P = V X I, from which, current I — — 

, . _ . 100 10 2 n . . 

(a) Current I = = — = — = 0.4 A 

250 25 5 

„ V 250 2500 

(b) Resistance R — — = = = 625 Cl 

I 0.4 4 

Example 1.18 

Calculate the power dissipated when a current of 4mA flows through a resistance of 5 kO. 

Solution 

Power P = I 2 R = (4X 10 3 )~ 2 (5 X 10 3 ) 

= 16 X 10^ 6 X 5 X 10 3 = 80 X 10 -3 

- 0.08 W or 80 mW 

Alternatively, since I = 4 X 1 0 3 and R — 5 X 10 3 then from Ohm’s law, 
voltage V = IR = 4 X 10" 3 X 5 X 10~ 3 - 20V 
Hence, power P — V X I — 20 X 4 X 10~ 3 = 80mW 

Example 1.19 

An electric kettle has a resistance of 30 0. What current will flow when it is connected to 
a 240 V supply? Find also the power rating of the kettle. 

Solution 

_ T V 240 _ . 

Current, I = — = = 8 A 

R 30 

Power, p = VI = 240 X 8 - 1920 W 

- 1.95 kW 

= power rating of kettle 
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Example 1.20 

A current of 5 A flows in the winding of an electric motor, the resistance of the winding 
being 100 12. Determine (a) the voltage across the winding, and (b) the power dissipated 
by the coil. 

Solution 

Potential difference across winding, V = IR = 5 X 100 = 500 V 
Power dissipated by coil, P — I 2 R — 5 2 X 100 

= 2500 W or 2.5 kW 

(Alternatively, P — V X I — 500 X5 = 2500 W or 2.5 kW) 



Example 1.21 

The hot resistance of a 240 V filament lamp is 96012. Find the current taken by the lamp 
and its power rating. 



Solution 

From Ohm’s law, 

V 240 24 

current I — — = = — 

R 960 96 



-A or 0.25 A 
4 



Power rating P = VI = (240) 




60 W 



1.18.2 Electrical Energy 

Electrical energy = power X time 

If the power is measured in watts and the time in seconds then the unit of energy is 
watt-seconds or joules. If the power is measured in kilowatts and the time in hours then 
the unit of energy is kilowatt-hours, often called the unit of electricity. The electricity 
meter in the home records the number of kilowatt-hours used and is thus an energy meter. 

Example 1.22 

A 12 V battery is connected across a load having a resistance of 4012. Determine 
the current flowing in the load, the power consumed and the energy dissipated in 
2 minutes. 
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Solution 

V 12 

Current I — — = — = 0.3 A 
R 40 

Power consumed. P — VI — (12)(0.3) = 3.6 W 

Energy dissipated = power X time = (3.6W)(2 X 60s) = 432J (since 1J = 1 Ws) 

Example 1.23 

A source of e.m.f. of 15 V supplies a current of 2 A for 6 minutes. How much energy is 
provided in this time? 

Solution 

Energy = power X time, and power = voltage X current 

Hence, energy = W = 15 X 2 X (6 X 60) 

= 10800Ws or J = 10.8 kj 



Example 1.24 

An electric heater consumes 3.6 MJ when connected to a 250 V supply for 40 minutes. 
Find the power rating of the heater and the current taken from the supply. 



Solution 

Power = en£lgy = 3 ' 6 X H)6 J (or W) = 1500 W 



time 



40X60 s 



i.e., power rating of heater = 1.5kW 



Power P = VI. thus I — — — 1^22. = 6 A 

V 250 



Hence, the current taken from the supply = 6 A 
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1.19 Main Effects of Electric Current 

The three main effects of an electric current are: 

(a) magnetic effect 

(b) chemical effect 

(c) heating effect 

Some practical applications of the effects of an electric current include: 

Magnetic effect: bells, relays, motors, generators, transformers, telephones, 

car ignition, and lifting magnets 

Chemical effect: primary and secondary cells, and electroplating 

Heating effect: cookers, water heaters, electric fires, irons, furnaces, kettles, and 

soldering irons 
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CHAPTER 2 



Resistance and Resistivity 

John Boyd 



2.1 Resistance and Resistivity 

The resistance of an electrical conductor depends on four factors, these being: (a) the 
length of the conductor, (b) the cross-sectional area of the conductor, (c) the type of 
material and (d) the temperature of the material. 

Resistance, R, is directly proportional to length, /, of a conductor. For example, if the 
length of a piece of wire is doubled, then the resistance is doubled. 

Resistance, R, is inversely proportional to cross-sectional area, a, of a conductor, i.e., 

R is proportional to 1/a. Thus, for example, if the cross-sectional area of a piece of wire 
is doubled, then the resistance is halved. 

Since R is proportional to / and R is proportional to 1/a, then R is proportional to 1/a. By 
inserting a constant of proportionality into this relationship, the type of material used may 
be taken into account. The constant of proportionality is known as the resistivity of the 
material and is given the symbol p (Greek rho). Thus, 

resistance R = — ohms 
a 

p is measured in ohm meters (fhn). 

The value of the resistivity is the resistance of a unit cube of the material measured 
between opposite faces of the cube. 
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Resistivity varies with temperature and some typical values of resistivities measured at 
about room temperature are given in Table 2.1. 

Note that good conductors of electricity have a low value of resistivity and good 
insulators have a high value of resistivity. 

Example 2. 1 

The resistance of a 5 m length of wire is 600 O. Determine (a) the resistance of an 8 m 
length of the same wire, and (b) the length of the same wire when the resistance is 4200. 

Solution 

Resistance, R, is directly proportional to length, /, i.e., R x /. Hence, 6000 oc 5 m or 
600 = (k)(5), where k is the coefficient of proportionality. Hence, 

*-*”-120 

5 



When the length 1 is 8 m, then resistance 
R = kl = (120)(8) - 960 0 

When the resistance is 4200, 420 = kl, from which 
420 420 



length / 



1 20 



= 3.5 m 



Example 2.2 

A piece of wire of cross-sectional area 2 mm 2 has a resistance of 3000. Find (a) the 
resistance of a wire of the same length and material if the cross-sectional area is 5 mm 2 , and 
(b) the cross-sectional area of a wire of the same length and material of resistance 7500. 



Table 2.1: Typical resistivity values 



Copper 


1.7 X 1Cr 8 0m 


(or 0.01 7 pQm) 


Aluminum 


2.6 X 1CT 8 nm 


(or 0.026pQm) 


Carbon (graphite) 


10 X 1 0~ 8 Sim 


(or 0.1 OpOrn) 


Glass 


1 X10 8 fim 


(or 1 0 4 p$2m) 


Mica 


1 X 10- 13 Sim 


(or 1 0 7 pS2m) 
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Solution 

Resistance R is inversely proportional to cross-sectional area, a, i.e., R oc (1 la) 

So 300 n oc (1/2 mm 2 ) or 300 = (k)(\/2) from which the coefficient of proportionality, 
k = 300 X 2 = 600 

(a) When the cross-sectional area a — 5 mm 2 
then R = (k)(l/5) = (600)(l/5) = 120 fl 

(Note that resistance has decreased as the cross-sectional area is increased.) 



(b) When the resistance is 750 Q then 750 = (k)(l/a), from which cross-sectional area, 



k 

750 



600 

750 



0.8 mm 2 



Example 2.3 

A wire of length 8 m and cross-sectional area 3 mm 2 has a resistance of 0.16H If the wire 
is drawn out until its cross-sectional area is 1 mm 2 , determine the resistance of the wire. 

Solution 

Resistance R is directly proportional to length /, and inversely proportional to the cross- 
sectional area, a, i.e., R oc (1/a) or R = k(l/a ) , where k is the coefficient of proportionality. 

Since R — 0.16, / = 8 and a = 3, then 0.16 = (k)( 8/3) from which 

k = 0.16 X (3/8) = 0.06 

If the cross-sectional area is reduced to { 1/3} of its original area, then the length must be 
tripled to 3 X 8, i.e., 24m. 

New resistance R — k (Ha) — 0.06 (24/1) = 1.44 ft 
Example 2.4 

Calculate the resistance of a 2 km length of aluminum overhead power cable if the 
cross-sectional area of the cable is 100 mm 2 . Take the resistivity of aluminum to be 
0.03 X 10~ 6 Qm. 
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Solution 

Length / = 2km = 2000m; area, a — 100mm 2 = 100 X 10 6 nr; resistivity 
p = 0.03 X 10~ 6 Dm 

Resistance R = — = 

a (100 X 10~ 6 m 2 ) 

= 0.03 X 2000 

100 

= 0.6 Cl 

Example 2.5 

Calculate the cross-sectional area, in mm 2 , of a piece of copper wire, 40 m in length and 
having a resistance of 0.25 Cl. Take the resistivity of copper as 0.02 X 10~ 6 Clm. 

Solution 

Resistance R — — so cross-sectional area a — — 
a R 

= (0.02 X10~ 6 Dm)(40m) 

0.25 Cl 

= 3.2 X 10~ 6 m 2 

= (3.2 X 10~ 6 ) X 10~ 6 mm 2 = 3.2 mm 2 

Example 2.6 

The resistance of 1.5 km of wire of cross-sectional area 0.17mm 2 is 150D. Determine the 
resistivity of the wire. 

Solution 

pi 

Resistance R — — 
a 

... Ra (150D)(0.17 Xl0' 6 m 2 ) 

so resistivity p = — = 

I (1500 m) 

= 0.017 x 10 -6 J2m or 0.017 p,J2m 

Example 2. 7 

Determine the resistance of 1200 m of copper cable having a diameter of 12 mm if the 
resistivity of copper is 1.7 X 10~ 8 Dm. 
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Solution ^ 

Cross-sectional area of cable, a — nr 2 = it = 36ir mm 2 = 36ir X 10~ 6 m 2 



pi 

Resistance R — — 



(1.7 X IQ" 8 Gm)(1200m) 
(36 it X 10~ 6 m 2 ) 



1.7 X 1200 X1Q 6 1.7 X 12 0 
10 8 X 36tt 36it 

= 0.180 n 



2.2 Temperature Coefficient of Resistance 

In general, as the temperature of a material increases, most conductors increase in 
resistance, insulators decrease in resistance, while the resistance of some special alloys 
remains almost constant. 

The temperature coefficien t of resistance of a material is the increase in the resistance 
of a If! resistor of that material when it is subjected to a rise of temperature of 1°C. 

The symbol used for the temperature coefficient of resistance is a (Greek alpha). 

Thus, if some copper wire of resistance lflis heated through 1°C and its resistance 
is then measured as 1.0043 12 then a — 0.0043 for copper. The units are 

usually expressed only as “per °C.” So, a = 0.0043/°C for copper. If the lfl 
resistor of copper is heated through 100°C then the resistance at 100°C would be 
1 + 100 X 0.0043 = 1.43 n. 

Some typical values of temperature coefficient of resistance measured at 0°C are given in 
Table 2.2. 

(Note that the negative sign for carbon indicates that its resistance falls with increase of 
temperature.) 



Table 2.2: Typical values of temperature coefficient of resistance 



Copper 


0.0043/°C 


Aluminum 


0.0038/°C 


Nickel 


0.0062/°C 


Carbon 


— 0.00048/°C 


Constantan 


0 


Eureka 


0.00001/°C 
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If the resistance of a material at 0°C is known, the resistance at any other temperature can 
be determined from: 

Rq — + cv,q0) 



where Rq = resistance at 0°C 

Rq — resistance at temperature 0°C 

o 0 = temperature coefficient of resistance at 0°C 

Example 2.8 

A coil of copper wire has a resistance of 100 when its temperature is 0°C. Determine 
its resistance at 70°C if the temperature coefficient of resistance of copper at 0°C is 
0.0043/°C. 

Solution 

Resistance = R 0 ( 1 + a o 0) 

So resistance at 70°C, R 70 — 100[1 + (0.0043)(70)] 

- 100[1 + 0.301] 

= 100(1.301) 

= 130.1 Cl 



Example 2. 9 

An aluminum cable has a resistance of 27 12 at a temperature of 35°C. Determine its 
resistance at 0°C. Take the temperature coefficient of resistance at 0°C to be 0.0038/°C. 

Solution 

Resistance at 0°C, Rq = R 0 (l + a o 0) 

Hence resistance at 0°C, R (l = 

° d + a o 0) 

= 27 

” [1 + (0.0038X35)] 

27 _ 27 

1 + 0.133 1.133 

- 23.83 Cl 



www.newnespress.com 




More Books Visit : www.iqbalkalmati.blogspot.com 

Resistance and Resistivity 



27 



Example 2.10 

A carbon resistor has a resistance of 1 kf2 at 0°C. Determine its resistance at 80°C. 
Assume that the temperature coefficient of resistance for carbon at 0°C is — 0.0005/°C. 

Solution 

Resistance at temperature 0°C, Rq = R 0 (l + o (l 0) 

i.e.,R e = 1000[1 + (—0.0005X80)] 

- 1000[1 - 0.040] = 1000(0.96) 

= 960 ft 

If the resistance of a material at room temperature (approximately 20°C), R 2 o and the 
temperature coefficient of resistance at 20°C. a 20 , are known then the resistance at 
temperature 0°C is given by: 



Ro= R 2O [1 + « 2O (0-2O)] 



Example 2.1 1 

A coil of copper wire has a resistance of 10 12 at 20°C. If the temperature coefficient of 
resistance of copper at 20°C is 0.004/°C, determine the resistance of the coil when the 
temperature rises to 100°C. 

Solution 

Resistance at temperature 0°C. R = R 20 [l + ot 2O (0 — 20)] 

Hence resistance at 100°C, 

R 100 = 10[1 + (0.004)(100 - 20)] 

= 10[1 + (0.004)(80)] 

= 10[1 + 0.32] 

= 10(1.32) 

- 13.2 n 
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Example 2.12 

The resistance of a coil of aluminum wire at 18°C is 200 Q. The temperature of the wire 
is increased and the resistance rises to 240 D. If the temperature coefficient of resistance 
of aluminum is 0.0039/°C at 18°C determine the temperature to which the coil has risen. 

Solution 

Let the temperature rise to 0° 

Resistance at 0°C, Rq = R 18 [l + cq 8 (0 — 18)] 

i.e., 240 = 200[1 + (O.OO39)(0 - 1 8)] 

240 - 200 + (2OO)(O.OO39)(0 - 18) 

240-200 - 0.78(0-18) 

40 = 0.78(0-18) 

— = e _i8 

0.78 

51.28 = 0 — 18. from which. 

0 - 51.28 + 18 = 69.28°C 

Hence the temperature of the coil increases to 69.28°C. 

If the resistance at 0°C is not known, but is known at some other temperature 0 b then the 
resistance at any temperature can be found as follows: 

R\ — Rq (1 T cv-qQ]) and R 2 — Ro(l ^- 0 ^ 2 ) 

Dividing one equation by the other gives: 

Rj 1 + ccqOj 

Ro 1 + 0^01 

where R 2 — resistance at temperature 0 2 . 

Example 2.13 

Some copper wire has a resistance of 200 D at 20°C. A current is passed through the 
wire and the temperature rises to 90°C. Determine the resistance of the wire at 90°C, 



www.newnespress.com 




More Books Visit : www.iqbalkalmati.blogspot.com 

Resistance and Resistivity 



29 



correct to the nearest ohm, assuming that the temperature coefficient of resistance is 
0.004/°C at 0°C. 

Solution 

R 20 = 200 a a 0 = 0.004/°C 

*20 _ [l + a 0 (20)] 

R 9Q [l + a 0 (90)] 



Hence, R 90 



fl 20 [l + 9Qa 0 J 
[l + 20a 0 ] 



200[1 + 90(0.004)] 
[1 + 20(0.004)] 
200[1 + 0.36] 

[1 + 0.08] 
200(1.36) 



(1.08) 



- 251.85 fi 



So, the resistance of the wire at 90°C is 252 Q. 
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CHAPTER 3 



Series and Parallel Networks 

John Bird 



3.1 Series Circuits 

Figure 3.1 shows three resistors R l , R 2 and R 2 connected end to end, i.e., in series, 
with a battery source of V volts. Since the circuit is closed, a current I will flow 
and the voltage across each resistor may be determined from the voltmeter readings V\, 
Vo and V 3 . 

In a series circuit: 

(a) the current I is the same in all parts of the circuit; therefore, the same reading is 
found on each of the two ammeters shown, and, 

(b) the sum of the voltages V h V 2 and V 2 is equal to the total applied voltage, V, i.e., 

V — V { + V 2 + V 2 



R-i R 2 R3 




0 



Figure 3.1: Series circuit 
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From Ohm’s law: 

Vi = IR U V 2 = IR 2 , V 3 = IR 3 and V — IR 
where R is the total circuit resistance. 

Since V = V t + V 2 + V 3 
then IR = IR\ + IR 2 + IRj 
Dividing throughout by I gives: 

R — + R 2 

So, for a series circuit, the total resistance is obtained by adding together the values of the 
separate resistances. 

Example 3. 1 

For the circuit shown in Figure 3.2, determine (a) the battery voltage V, (b) the total 
resistance of the circuit, and (c) the values of resistance of resistors R h R 2 and R 3 , given 
that the voltages across R 3 ,R 2 and R 3 are 5 V, 2 V and 6 V, respectively. 

Solution 

(a) Battery voltage V — V\ + V 2 + V 3 

- 5 + 2 + 6 = 13V 
V 13 

(b) Total circuit resistance R — — = — = 3.25 Cl 

14 



Rj f?2 R3 





— 1 1— 




J 1 

. 


r 

1 


v 2 

1 


1 

L 


^3 




^ V 





Figure 3.2: Circuit for Example 3.1 
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(c) Resistance R , = — = — = 1.25 ft 
1 / 4 



K, 2 

Resistance R, = — = — = 0.5 



/ 



4 



V, 6 

Resistance R, = — = — = 1.5 
/ 4 

(Check: Rj + R 2 + R 3 = 1.25 + 0.5 + 1.5 = 3.25 n = R) 



Example 3.2 

For the circuit shown in Figure 3.3, determine the voltage across resistor R 3 . If the total 
resistance of the circuit is 100 Q, determine the current flowing through resistor Rj. Find 
also the value of resistor R 2 . 



Solution 

Voltage across R 3 , V 3 = 25 — 10 — 4 = 11 V 
V 25 

Current 7 = — = = 0.25 A, which is the current flowing in each resistor 

R 100 



F, 4 

Resistance R 0 — — — = 16 fl 

I 0.25 



Example 3.3 

A 12 V battery is connected in a circuit having three series-connected resistors having 
resistances of 4 Q, 9 ft and 1 HI. Determine the current flowing through, and the voltage 
across the 9 resistor. Find also the power dissipated in the 1 HI resistor. 



R] f?2 f?3 



— 1 


— 1 1— 


—I i — 


10 V 


r 

j 


4 V 




^3 






i 



Figure 3.3: Circuit for Example 3.2 
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40 90 11 n 




1 1 1 

I 12 V I 

Figure 3.4: Circuit for Example 3.3 



Solution 

The circuit diagram is shown in Figure 3.4. 

Total resistance R — 4 + 9 + 11 — 24Cl 
V 12 

Current I — — = — = 0.5 A. which is the current in the 9 Cl resistor. 
R 24 

Voltage across the 9 Cl resistor, V] =1X9 = 0.5 X 9 

= 4.5V 

Power dissipated in the 1 1 Cl resistor. P — I 2 R — 0.5 2 ( 11) 

= 0.25(11) 

= 2.75 W 



3.2 Potential Divider 



The voltage distribution for the circuit shown in Figure 3.5(a) is given by: 

R , 






+ fC 



V 



^2 = 



Rn 



R l +R l 



V 



The circuit shown in Figure 3.5(b) is often referred to as a potential divider circuit. Such 
a circuit can consist of a number of similar elements in series connected across a voltage 
source, voltages being taken from connections between the elements. Frequently the 
divider consists of two resistors as shown in Figure 3.5(b), where: 



'"out 



R 2 

R\ R 2 



Vt 



IN 
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A r 2 




(a) 1/ i 




Figure 3.5: Potential divider circuit 



A potential divider is the simplest way of producing a source of lower e.m.f. from a 
source of higher e.m.f., and is the basic operating mechanism of the potentiometer, a 
measuring device for accurately measuring potential differences. 



Example 3.4 

Determine the value of voltage V shown in Figure 3.6. 



Solution 

Figure 3.6 may be redrawn as shown in Figure 3.7, and voltage 



V = 



6 + 4 



(50) 



30 V 



Example 3.5 

Two resistors are connected in series across a 24 V supply and a current of 3 A flows in 
the circuit. If one of the resistors has a resistance of 2 determine (a) the value of the 
other resistor, and (b) the voltage across the 2 <2 resistor. If the circuit is connected for 50 
hours, how much energy is used? 
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Solution 

The circuit diagram is shown in Figure 3.8. 

V 24 

(a) Total circuit resistance R = — = — = 8 

/ 3 

Value of unknown resistance. R x — 8 — 2 — 6 Cl 

(b) Voltage across 2 Q resistor. = ffi| = 3 X 2 = 6V 
Alternatively, from above, 




Figure 3.6: Circuit for Example 3.4 




Figure 3.7: Redrawn version of Figure 3.6 



R] = 2 Q R x 




Figure 3.8: Circuit for Example 3.5 
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Energy used = power X time 
= V X I X t 
= (24 X 3W) (50 h) 

= 3600 Wh - 3.6 kWh 

3.3 Parallel Networks 

Figure 3.9 shows three resistors, R h R 2 and R 2 connected across each other, i.e., in 
parallel, across a battery source of V volts. 

In a parallel circuit: 

(a) the sum of the currents I h I 2 and / 3 is equal to the total circuit current, /, i.e., 

/ = /, + I 2 + / 3 , and 

(b) the source voltage, V volts, is the same across each of the resistors. 

From Ohm’s law: 




Figure 3.9: Parallel resistors 
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Since / = /, + l 2 + / 3 

. V V V V 
then — = — + — + — 

R R~> R 2 

Dividing throughout by V gives: 



_l_ 

R 



1 1 1 
— + — + — 



R t R, 



R* 



This equation must be used when finding the total resistance R of a parallel circuit. For 
the special case of two resistors in parallel : 



Flence, 



1 = J_ + J_ = +R i 

R R\ R't R\R^> 



R = 



^1^2 
R { + R 2 



product 

i.e., 

sum 



Example 3.6 

For the circuit shown in Figure 3.10, determine (a) the reading on the ammeter, and 
(b) the value of resistor R 2 . 



8 A fli = 5Q 




Figure 3.10: Circuit for Example 3.6 
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Solution 

Voltage across R , is the same as the supply voltage V. Hence, supply voltage 
V= 8 X 5 = 40 V. 

, . _ .. r V 40 ^ , 

(a) Reading on ammeter, I = — = — = 2 A 

R 3 20 

(b) Current flowing through R 2 ~H — 8 — 2 = 1 A 



V 40 

Hence, R 1 = — = — — 40 ft 

' h 1 



Example 3. 7 

Two resistors, of resistance 3 ft and 6 Q, are connected in parallel across a battery having 
a voltage of 12 V. Determine (a) the total circuit resistance and (b) the current flowing in 
the 3 fl resistor. 

Solution 

The circuit diagram is shown in Figure 3.11. 

(a) The total circuit resistance R is given by: 

_L = _L + _L = I + I 

R Ri R 2 3 6 

1 = 2 + 1 = 3 
~R 6 6 

Hence, R — — — 2 ft 
3 



I, «i = 3Q 
» • I T - 

R 2 = 6Q 



1 h--^l 1 

12 V 

Figure 3.11: Circuit for Example 3.7 
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.. . , _ R,R 2 3X6 18 

Alternatively, R — — — — = = — — 2 Cl 

^+R 2 3 + 6 9 

V 12 

(b) Current in the 3 Cl resistance, /, = — = — = 4 A 

/?, 3 

Example 3.8 

For the circuit shown in Figure 3.12, find (a) the value of the supply voltage V and (b) the 
value of current I. 

Solution 

(a) Voltage across 20 Cl resistor = I 2 R 2 — 3 X 20 = 60 V; hence, supply voltage 
V = 60 V since the circuit is connected in parallel. 

(b) Current / = = ^ = 6 A; /, = 3 A 

1 R { 10 2 



R 3 60 



CuiTent 1 = 1] + I 2 + /_3 and hence, 7=6 + 3 + l = 10 A 

1 _ 1 1 1 1 + 3 + 6 _ 10 

Alternatively, R 60 + 2 0 + 10 60 60 

60 

Flence, total resistance R — — = 6 O 

10 

Current / = - = — = 10 A 
R 6 



/ 





t ' 


* ^ 


mm 


< 

CO 

II 








BM 


« Hi 




B 



Figure 3.12: Circuit for Example 3.8 
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Example 3. 9 

Given four 1 ft resistors, state how they must be connected to give an overall resistance of 

(a) 1/4 ft (b) lft (c) IK ft (d) 2Kft 

Solution 

(a) All four in parallel (see Figure 3.13), 

1 1111 4 . „ 1 

Since — = - + - + - + - = i.e., ft = — ft 

R 11111 4 

(b) Two in series, in parallel with another two in series (see Figure 3.14), since 1 ft and 

1 ft in series gives 2 ft, and 2 ft in parallel with 2 ft gives: 

2 + 2 4 

(c) Three in parallel, in series with one (see Figure 3. 15), since for the three in parallel, 

1 1 1 1 3. ,, 1 1 _ . . _ . , 1 / — , 

— = - + - + - = —, i.e., k = — ft and — ft m series with 1 i l gives 1 ~ “ 

R 1111 3 3 3 



(d) Two in parallel, in series with two in series (see Figure 3.16), since for the two in parallel 




Figure 3.13: Circuit for Example 3.9(a) 




Figure 3.14: Circuit for Example 3.9(b) 
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i n 




Figure 3.1 5: Circuit for Example 3.9(c) 



i n 




r 5 = i8n 



Figure 3.17: Circuit for Example 3.10 



R = — — - = — fl and — Cl, 1 Q and 1 Cl in series gives 2 —Cl 
1+122 2 



Example 3.10 

Find the equivalent resistance for the circuit shown in Figure 3.17. 

Solution 

Rj. R_[ and R 5 are connected in parallel and their equivalent resistance R is given by: 

_L = I + I + _L = 6 + 3 + 1 = lo 

R 3 6 18 18 18 

18 

Flence, R — — = 1 .8 Q 
10 

The circuit is now equivalent to four resistors in series and the equivalent circuit 
resistance = 1 + 2.2 + 1.8 + 4 — 9fl. 
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I 




Figure 3.18: Current division circuit 



3.4 Current Division 

For the circuit shown in Figure 3.18. the total circuit resistance R T is given by: 
R,R t 

R t = — '—2— 

R i+ R i 



and V = IR t = I 



R i R 2 



R \+ R 2 ) 



V 


I 


R l R 2 




R 2 


R l 


~R~i 


. R \ + R 1 , 




< R l+ R 2 , 



Similarly, 



V 


I 


R \ R 2 




R i 


R 2 


'^2 


Ri+ R 2 / 




R i +R 2 



(/) 



(/) 



Summarizing, with reference to Figure 3.18: 



h = 



Rn 



R^ + R~, 



(/) and U — 



R, 



R l + R 2 



(/) 



Example 3.1 1 

For the series-parallel arrangement shown in Figure 3.19. find (a) the supply 
current, (b) the current flowing through each resistor and (c) the voltage across each 
resistor. 
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m 


fl 4 

, r 






1 L 


1 




200 V 





Figure 3.1 9: Circuit for Example 3.1 1 



Solution 

(a) The equivalent resistance R x of R 2 and R 3 in parallel is: 
6X2 12 



R, = 



= — = l.5ft 



6 + 2 8 

The equivalent resistance R T of R l , R x and R 4 in series is: 



R r = 2.5 + 1.5 + 4 - 8ft 



o , t v 200 . 

Supply current 1 — — = = 25 A 

Rrp 8 



(b) The current flowing through R , and R 4 is 25 A. The current flowing through R 2 



R, 



^2 ^3 ) 



= 6.25 A 



I = 



6 + 2 



25 



The current flowing through R 3 



Rn 



r 2 + r 3 



I = 



6 + 2 



25 



- 18.75 A 



(Note that the currents flowing through R 2 and R 3 must add up to the total current 
flowing into the parallel arrangement, i.e., 25 A.) 
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2.5 Q R x = 1.5 Q R, = 4Ci 



■W 






1=25 A 



200 V 

Figure 3.20: Equivalent circuit of Figure 3.19 




(c) The equivalent circuit of Figure 3.19 is shown in Figure 3.20. 
voltage across R h i.e., = IR { — (25)(2.5) = 62.5 V 

voltage across R x , i.e., V x = IR X — (25)(1.5) = 37.5 V 
voltage across R 4 , i.e., V 4 = IR 4 — (25)(4) = 100 V 
Flence, the voltage across R 2 = voltage across R 4 — 37.5 V 

Example 3.12 

For the circuit shown in Figure 3.21 calculate (a) the value of resistor R x such that the 
total power dissipated in the circuit is 2.5 kW, and (b) the current flowing in each of the 
four resistors. 



Solution 

(a) Power dissipated P — VI watts, hence, 2500 = (250)(7) 



i.e., I 



2500 

250 



10 A 
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From Ohm’s law, R T — — = = 25 0, where R r is the equivalent circuit 

resistance. ^ ^ 

The equivalent resistance of Ry and R 2 in parallel is: 

15X10 150 

15 + 10 25 

The equivalent resistance of resistors R 3 and R x in parallel is equal to 250 — 60, 
i.e„ 190. 

There are three methods whereby R x can be determined. 

Method 1 

The voltage Vy = IR , where R is 60, from above, i.e., Vy = (10)(6) = 60 V 
Flence, V 2 = 250 V — 60 V = 190 V = voltage across R 3 — voltage across R x 

/, = ^- = — = 5 A. Thus, h = 5 A also, 

R 3 38 

since I = 10 A 

Thus, R = ^ = — = 38 O 

h 5 



Method 2 

Since the equivalent resistance of R 3 and R x in parallel is 19 O, 



19 



38/?, r 
38 + /?, 



product 

i.e., 

sum 



Hence, 19(38 + R x ) = 38 R x 



722 + 19 R x = 38 R x 

722 = 38 R x - 19 R x = 19 R x 
722 

Thus, R x = = 38 ft 

x 19 
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Method 3 

When two resistors having the same value are connected in parallel, the equivalent 
resistance is always half the value of one of the resistors. In this case, since 
R T — 19 and 7? 3 = 38 Q, then R x = 38 Cl could have been deduced on sight. 



(b) Current I x = 



R , 



7?i + 7?2 J 



I = 



10 

15 + 10 
2 



( 10 ) 



(10) = 4 A 



Current / 2 




R { + R 2 



15 



15 + 10 
3' 



( 10 ) = 



( 10 ) 

= 6 A 



From part (a), method 1, J 3 = / 4 = 5 A 



Example 3.13 

For the arrangement shown in Figure 3.22, find the current I x . 



Solution 

Commencing at the right-hand side of the arrangement shown in Figure 3.24, the circuit 
is gradually reduced in stages as shown in Figures 3.23(a)-(d). 

From Figure 3.23(d), I = ^ — 4 A 

4.25 



2 q 1 .4 n 




17 V 



8 £) 



Figure 3.22: Circuit for Example 3.1 3 
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(c) (d) 



Figure 3.23: Solution to Example 3.13, in four stages 



From Figure 3.23(b), /, = — - — (I)— — (4) = 3 A 

[9 + 3 j 112 j 

_ _ 

From Figure 3.22, I = — - — (/,) = — (3) = 0.6 A 

* U + 8 J UoJ 

3.5 Relative and Absolute Voltages 

In an electrical circuit, the voltage at any point can be quoted as being “with reference to” 
(w.r.t.) any other point in the circuit. Consider the circuit shown in Figure 3.24. The total 
resistance, 

R t = 30 + 50 + 5 + 15 = 10012 

, 200 „ 

and current. I = — 2 A 

100 
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I = 2A 30ft A 50 ft 



1 



200 V 



5ft 



* 



C 15ft 

Figure 3.24: Relative voltage 



If a voltage at point A is quoted with reference to point B then the voltage is written as 
V AB . This is known as a relative voltage. In the circuit shown in Figure 3.24, the voltage at 
A w.r.t. B is I X 50, i.e., 2 X 50 = 100 V and is written as V AB = 100 V. 

It must also be indicated whether the voltage at A w.r.t. B is closer to the positive terminal 
or the negative terminal of the supply source. Point A is nearer to the positive terminal 
than B so is written as V AB = 100 V or V AB = +100V or V AB = 100 V +ve. 

If no positive or negative is included, then the voltage is always taken to be positive. 

If the voltage at B w.r.t. A is required, then V BA is negative and is written as 
V BA = -100V or V BA = 100 V -ve. 

If the reference point is changed to the earth point then any voltage taken w.r.t. the 
earth is known as an absolute potential. If the absolute voltage of A in Figure 3.24 is 
required, then this will be the sum of the voltages across the 5012 and 512 resistors, i.e., 
100 + 10 = 1 10 V and is written as V A — 1 10 V or V A — +1 10 V or V A — 1 10 V +ve, 
positive since moving from the earth point to point A is moving towards the positive 
terminal of the source. If the voltage is negative w.r.t. earth then this must be indicated; 
for example, V c — 30 V negative w.r.t. earth, and is written as V c = —30 V or 
V c = 30V -ve. 

Example 3.14 

For the circuit shown in Figure 3.25, calculate (a) the voltage drop across 
the 4 k!2 resistor, (b) the current through the 5 k!2 resistor, (c) the power developed 
in the 1.5 k!2 resistor, (d) the voltage at point X w.r.t. earth, and (e) the absolute 
voltage at point X. 
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1 kfi 



-X 



5 kfi 



4 kfi 



1=1 1 

1.5 kn 24 V 

Figure 3.25: Circuit for Example 3.14 



Solution 

(a) Total circuit resistance, R T — [(1 + 4) kfi in parallel with 5 kO] in series with 1.5 kfi 

i.e., R t = XI + i .5 = 4 kfi 
T 5 + 5 



V 



Total circuit current, I , — — 



24 



R T 4 X 10 3 



By current division, current in top branch 
5 



= 6 mA 



5 + 1 + 4 



X 6 = 3 mA 



Hence, volt drop across 4 kfi resistor 

= 3X 1(T 3 X 4 X 10 3 = 12V 



(b) Current through the 5 kfi resistor 



1 + 4 



5 + 1 + 4 



X 6 = 3 mA 



(c) Power in the 1.5 kfi resistor 

- I^R = (6 X 10 3 ) 2 (1 .5 X 10 3 ) = 54 mW 
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(d) The voltage at the earth point is 0 volts. The volt drop across the 4kT2 is 12 V, from 
part (a). Since moving from the earth point to point X is moving towards the negative 
terminal of the voltage source, the voltage at point X w.r.t. earth is —12 V. 

(e) The absolute voltage at point X means the voltage at point X w.r.t. earth', therefore, 
the absolute voltage at point X is — 12 V. Questions (d) and (e) mean the same thing. 
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CHAPTER 4 



Capacitors and Inductors 

John Bird 



4.1 Introduction to Capacitors 

A capacitor is an electrical device that is used to store electrical energy. Next to the 
resistor, the capacitor is the most commonly encountered component in electrical 
circuits. For example, capacitors are used to smooth rectified AC outputs, they are used 
in telecommunication equipment — such as radio receivers — for tuning to the required 
frequency, they are used in time delay circuits, in electrical filters, in oscillator circuits, 
and in magnetic resonance imaging (MRI) in medical body scanners, to name but a few 
practical applications. 

4.2 Electrostatic Field 

Figure 4.1 represents two parallel metal plates, A and B, charged to different potentials. 

If an electron that has a negative charge is placed between the plates, a force will act on 
the election tending to push it away from the negative plate B towards the positive plate, A. 
Similarly, a positive charge would be acted on by a force tending to move it toward the 
negative plate. Any region such as that shown between the plates in Figure 4.1, in which 
an electric charge experiences a force, is called an electrostatic field. The direction of 
the field is defined as that of the force acting on a positive charge placed in the field. In 
Figure 4.1, the direction of the force is from the positive plate to the negative plate. 

Such a field may be represented in magnitude and direction by lines of electric force 
drawn between the charged surfaces. The closeness of the lines is an indication of the 
field strength. Whenever a voltage is established between two points, an electric field will 
always exist. Figure 4.2(a) shows a typical field pattern for an isolated point charge, and 
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Figure 4.1: Electrostatic field 





Figure 4.2: (a) Isolated point charge (b) Adjacent charges of opposite polarity 



Figure 4.2(b) shows the field pattern for adjacent charges of opposite polarity. Electric 
lines of force (often called electric flux lines ) are continuous and start and finish on point 
charges. Also, the lines cannot cross each other. When a charged body is placed close 
to an uncharged body, an induced charge of opposite sign appears on the surface of the 
uncharged body. This is because lines of force from the charged body terminate on its 
surface. 

The concept of field lines or lines of force is used to illustrate the properties of an electric 
field. Flowever, it should be remembered that they are only aids to the imagination. 

The force of attraction or repulsion between two electrically charged bodies is 
proportional to the magnitude of their charges and inversely proportional to the square of 
the distance separating them, 

i.e., force oc or force = k 

d 2 d 2 
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where constant k ~ 9 X 10 9 in air. 



This is known as Coulomb ’s law. 



Hence, the force between two charged spheres in air with their centers 16 mm apart and 
each carrying a charge of +1.6 pC is given by: 



force = k C ^ L [ 2 

d 2 



«(9X 10 9 ) 



(1.6 X IQ- 6 ) 2 
(16 X 10 3 ) 2 



= 90 newtons 



4.3 Electric Field Strength 

Figure 4.3 shows two parallel conducting plates separated from each other by air. They 
are connected to opposite terminals of a battery of voltage V volts. 

Therefore an electric field is in the space between the plates. If the plates are close 
together, the electric lines of force will be straight and parallel and equally spaced, except 
near the edge where fringing will occur (see Figure 4.1). Over the area in which there is 
negligible fringing, 

V 

Electric field strength, E — — volts/meter 

d 

where d is the distance between the plates. Electric field strength is also called potential 
gradient. 




Figure 4.3: Two parallel conducting plates separated by air 
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4.4 Capacitance 

Static electric fields arise from electric charges, electric field lines beginning and ending 
on electric charges. Thus, the presence of the field indicates the presence of equal positive 
and negative electric charges on the two plates of Figure 4.3. Let the charge be +Q 
coulombs on one plate and — Q coulombs on the other. The property of this pair of plates 
that determines how much charge corresponds to a given voltage between the plates is 
called their capacitance : 



capacitance C 



Q 

V 



The unit of capacitance is th e farad F (or more usually pF = 1 0 6 F or pF = 10 12 F), 
which is defined as the capacitance when a voltage of one volt appears across the plates 
when charged with one coulomb. 



4.5 Capacitors 

Every system of electrical conductors possesses capacitance. For example, there is 
capacitance between the conductors of overhead transmission lines and also between the 
wires of a telephone cable. In these examples, the capacitance is undesirable but has to be 
accepted, minimized or compensated for. There are other situations where capacitance is 
a desirable property. 

Devices specially constructed to possess capacitance are called capacitors (or condensers, 
as they used to be called). In its simplest form, a capacitor consists of two plates that are 
separated by an insulating material known as a dielectric. A capacitor has the ability to 
store a quantity of static electricity. 

The symbols for a fixed capacitor and a variable capacitor used in electrical circuit 
diagrams are shown in Figure 4.4. 

The charge Q stored in a capacitor is given by: 

Q — I Xt coulombs 

where I is the current in amperes and t the time in seconds. 



www.newnespress.com 




More Books Visit : www.iqbalkalmati.blogspot.com 



Capacitors and Inductors 57 



Fixed capacitor 

— 4F — 

Variable capacitor 

Figure 4.4: Symbols for a fixed capacitor and a variable capacitor 



Example 4. 1 

(a) Determine the voltage across a 4 (tF capacitor when charged with 5mC. 

(b) Find the charge on a 50 pF capacitor when the voltage applied to it is 2kV. 

Solution 

(a) C = 4pF = 4X 10' 6 F; Q = 5mC = 5 X 10~ 3 C 



Since C — — then V 
V 



Q 

c 



5 X 10~ 3 
4 X 10" 6 



5 X IQ 6 

4 X 10 3 
5000 
4 



Flence, voltage = 250 V or 1.25 kV 
(b) C = 50 pF = 50 X 10 12 F; V = 2kV - 2000V 

Q = CV = 50 X 10- 12 X 2000 - 

10 8 

- 0.1 X10' 6 



So, charge = 0. 1 pC 

Example 4.2 

A direct current of 4 A flows into a previously uncharged 20 pF capacitor for 3 ms. 
Determine the voltage between the plates. 

Solution 

I = 4A; C = 20 pF - 20 X 10” 6 F; 
t — 3 ms = 3 X 10 _3 s 
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Q = It = 4 X 3 X 1(T 3 C 



Q _ 4X3X10- 3 _ 12X10 6 
C ~~ 20 X KT 6 20 X 10 3 



0.6 X10 3 
600 V 



So. the voltage between the plates is 600 V. 

Example 4.3 

A 5 pF capacitor is charged so that the voltage between its plates is 800 V. Calculate how 
long the capacitor can provide an average discharge current of 2mA. 

Solution 

C = 5pF = 5 X 1(T 6 F; V = 800 V; 

7 = 2mA = 2 X KT 3 A 
Q = CV = 5 X 1(T 6 X 800 = 4 X 1(T 3 C 

O 4X10- 3 

Also. Q = It. Thus, t = — = 2 s 

/ 2 X IO - 3 

Therefore, the capacitor can provide an average discharge current of 2 mA for 2 s. 



4.6 Electric Flux Density 

Unit flux is defined as emanating from a positive charge of 1 coulomb. Thus 
electric flux 4' is measured in coulombs, and for a charge of Q coulombs, the flux 
4/ = Q coulombs. 

Electric flux density D is the amount of flux passing through a defined area A that is 
perpendicular to the direction of the flux: 

electric flux density, D — — coulombs/meter 2 

A 

Electric flux density is also called charge density, a. 
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4.7 Permittivity 

At any point in an electric field, the electric field strength E maintains the electric flux and 
produces a particular value of electric flux density D at that point. For a field established 
in vacuum (or for practical puiposes in air), the ratio D/E is a constant e 0 , i.e., 



D 




where e 0 is called the permittivity of free space or the free space constant. The value of e 0 
is 8.85 X 10 -12 F/m. 

When an insulating medium, such as mica, paper, plastic, or ceramic, is introduced into 
the region of an electric field the ratio of D/E is modified: 

D 

E e ° e '' 

where e r , the relative permittivity of the insulating material, indicates its insulating power 
compared with that of vacuum: 

, . ... flux density in material 

relative permittivity e r — 

flux density in vacuum 

Flere, e r has no unit. Typical values of e,. include: air, 1.00; polythene, 2.3; mica, 3-7; 
glass, 5-10; water, 80; ceramics, 6-1000. 

The product e 0 e,. is called the absolute permittivity, e. 
e = e 0 e r 

The insulating medium separating charged surfaces is called a dielectric. Compared with 
conductors, dielectric materials have very high resistivities. Therefore, they are used to 
separate conductors at different potentials, such as capacitor plates or electric power lines. 

Example 4.4 

Two parallel rectangular plates measuring 20 cm by 40 cm carry an electric charge of 
0.2 [i.C. Calculate the electric flux density. If the plates are spaced 5 mm apart and the 
voltage between them is 0.25 kV determine the electric field strength. 
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Solution 

Charge Q = 0.2 pC = 0.2 X 10~ 6 C; 

Area A = 20cm X 40cm = 800cm 2 = 800 X 10 -4 m 2 



Electric flux density D 



Q = 

A 

2000 

800 



0.2 X IQ- 6 = 0,2 X 10 4 
800 X 10~ 4 800 X 10 6 

X 10~ 6 = 2.5 p,C/m 2 



Voltage V — 0.25 kV = 250 V; Plate spacing, d = 5 mm = 5 X 10 3 m 



V 250 

Electric field strength E — — — = 50 kV/m 

d 5 X 10~ 3 

Example 4.5 

The flux density between two plates separated by mica of relative permittivity 5 is 
2pC/m 2 . Find the voltage gradient between the plates. 

Solution 

Flux density D = 2pC/m 2 = 2 X 10 f ’C7nr; 
e 0 = 8.85 X 10~ 12 F/m; e r — 5. 



D _ 

E ~ ^ 



hence, voltage gradient E = 

£ 0 £ r 

2 X 10 -6 

— V/m 

8.85 X 10~ 12 X 5 

= 45.2 kV/m 



Example 4.6 

Two parallel plates having a voltage of 200 V between them are spaced 0.8 mm apart. 
What is the electric field strength? Find also the flux density when the dielectric between 
the plates is (a) air, and (b) polythene of relative permittivity 2.3. 
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Solution 

V 200 

Electric field strength E — — = = 250 kV/m 

D 0.8 X 10 -3 

(a) For air: e r = 1 

— — £ 0 £ r . Flence, 

E 

Electric flux density D = Ee 0 e r 

= (250 X 10 3 X 8.85 X 1(T 12 X 1) C/m 2 

- 2.213 p,C/m 2 

(b) For polythene, e r — 2.3 
Electric flux density D = Ee 0 e r 

= (250 X 10 3 X 8.85 X 1(T 12 X 2.3)C/m 2 

= 5.089 pC/m 2 

4.8 The Parallel Plate Capacitor 

For a parallel plate capacitor, as shown in Figure 4.5(a), experiments show that 
capacitance C is proportional to the area A of a plate, inversely proportional to 
the plate spacing d (i.e., the dielectric thickness) and depends on the nature of the 
dielectric: 

Capacitance, C = £q£ ' farads 
d 

where £ 0 = 8.85 X 10” 12 F/m (constant) 
z r — relative permittivity 
A = area of one of the plates, in m 2 , and 
d = thickness of dielectric in m 

Another method used to increase the capacitance is to interleave several plates as shown 
in Figure 4.5(b). Ten plates are shown, forming nine capacitors with a capacitance nine 
times that of one pair of plates. 
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-o- 



(b) 

Figure 4.5: Parallel plate capacitor 



If such an arrangement has n plates, then capacitance C (n — 1). 

„ e l) e,.A(n — I) 

thus, capacitance C = farads 

d 

Example 4. 7 

(a) A ceramic capacitor has an effective plate area of 4 cm 2 separated by 0. 1 mm of 
ceramic of relative permittivity 100. Calculate the capacitance of the capacitor in 
picofarads, (b) If the capacitor in part (a) is given a charge of 1.2 pC, what will be the 
voltage between the plates? 

Solution 

(a) Area A = 4 cm 2 — 4 X 10~ 4 m 2 ; 
d = 0.1mm = 0.1 X 10~ 3 m; 
e 0 = 8.85 X 10~ 12 F/m; e r = 100 

Capacitance C — ~~~ farads 

= 8.85 X 10~ 12 X 100 X 4 X 10~ 4 
0.1 X 10~ 3 

8.85 X 4 8.85 X 4 X 10 12 ^ 

10 10 10 10 p 

- 3540 pF 
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a i?xi rr 6 

(b) Q = CV thus, V = — = — — V = 339 V 

C 3540 X1(T 12 



Example 4.8 

A waxed paper capacitor has two parallel plates, each of effective area 800 cm 2 . If the 
capacitance of the capacitor is 4425 pF, determine the effective thickness of the paper if 
its relative permittivity is 2.5. 

Solution 

A - 800cm 2 = 800 X 10~ 4 m 2 - 0.08m 2 ; 

C = 4425 pF = 4425 X 10' 12 F; 
e 0 = 8.85 X 10~ 12 F/m; e r = 2.5 



Since C = 



Flence, d 



e o £ ,- 



then 






d C 

8.85 X 10~ 12 X 2.5X0.08 
4425 X 10~ 12 



0.0004 m 



So, the thickness of the paper is 0.4 mm. 

Example 4. 9 

A parallel plate capacitor has nineteen interleaved plates each 75 mm X 75 mm separated 
by mica sheets 0.2 mm thick. Assuming the relative permittivity of the mica is 5, calculate 
the capacitance of the capacitor. 

Solution 

n — 19; n — 1 = 18; 

A = 75 X 75 = 5625mm 2 = 5625 X 10" 6 m 2 ; 
e r — 5; e 0 — 8.85 X 10~ 12 F/m; 
d = 0.2 mm = 0.2 X 10~ 3 m 
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Capacitance C = E( > e > A( ^ — ll 

= 8.85 X 10~ 12 X 5 X 5625 X 1(T 6 X 18 
0.2 X 10” 3 

= 0.0224 p,F or 22.4 nF 



4.9 Capacitors Connected in Parallel and Series 

4. 9 . 1 Capacitors Connected in Parallel 

Figure 4.6 shows three capacitors, C\, C 2 and C 3 , connected in parallel with a supply 
voltage V applied across the arrangement. 

When the charging current I reaches point A it divides, some flowing into C 1; some 
flowing into C 2 and some into C 3 . Therefore, the total charge QT (—IX t ) is divided 
between the three capacitors. The capacitors each store a charge and these are shown as 
<2i, Q 2 and < 2 3 , respectively. Flence: 

Qt = Ql 0-2 Qi 




Figure 4.6: Three capacitors connected in parallel 
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But Q t = CV, Q, - C,V, Qo = C 2 V and Q 3 = C 3 V. Therefore, CV = C,V + C 2 V + C 3 V 
where C is the total equivalent circuit capacitance, 

i.e., C — Cj + C 2 + C 3 

It follows that for n parallel-connected capacitors, 

c = C l +C 2 +C 3 + ■■■ +c n 

that is, the equivalent capacitance of a group of parallel-connected capacitors is the sum 
of the capacitances of the individual capacitors. (Note that this formula is similar to that 
used for resistors connected in series .) 

4.9.2 Capacitors Connected in Series 

Figure 4.7 shows three capacitors, C 3 , C 2 and C 3 , connected in series across a supply 
voltage V. Let the voltage across the individual capacitors be V h V 2 , and V 3 , respectively, 
as shown. 

Let the charge on plate “a” of capacitor C l be +Q coulombs. This induces an equal but 
opposite charge of — Q coulombs on plate “b”. The conductor between plates “b” and “c” 
is electrically isolated from the rest of the circuit so that an equal but opposite charge 
of +Q coulombs must appeal - on plate “c”, which, in turn, induces an equal and opposite 
charge of — Q coulombs on plate “d”, and so on. 

When capacitors are connected in series the charge on each is the same. 



/ 



Ci C 2 C3 

+Q| |- Q +Q | i -Q +Q | | -Q 

_ a 1 *b I ? d I e 1 'f 



Vi 



V 2 






/ 



o* 1 / 6 

Charge on each capacitor = Q 

Figure 4.7: Three capacitors connected in series 



www.newnespress.com 




More Books Visit : www.iqbalkalmati.blogspot.com 



66 Chapter 4 



In a series circuit: V — Vj + V 2 + V 3 

c . Q e Q , Q , Q 

Since F = — then — = — + — + — 

C C Cj Co C 3 

where C is the total equivalent circuit capacitance, 

1111 

i.e., + — + — 

C Cj C 2 C 3 



It follows that for n series-connected capacitors: 

1111 1 

— -(- — -I- — + •••-)- — 

C C, C 2 C 3 C n 



That is, for series-connected capacitors, the reciprocal of the equivalent capacitance is 
equal to the sum of the reciprocals of the individual capacitances. (Note that this formula 
is similar to that used for resistors connected in parallel.) 

For the special case of two capacitors in series: 

1 = J_ + J_ = C 2 + c i 

C C, Ci C | Co 

Hence, C= C|Cz i.e., 

Ci + C 2 sum , 



Example 4.10 

Calculate the equivalent capacitance of two capacitors of 6pF and 4pF connected 
(a) in parallel and (b) in series. 

Solution 

(a) In parallel, equivalent capacitance C — C) + C 2 = 6pF + 4[j F = 10p,F 

(b) In series, equivalent capacitance C is given by: 

C — 

Cl + Cr, 
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This formula is used for the special case of two capacitors in series. 



Thus, C 



6X4 
6 + 4 



24 

To 



2.4 p,F 



Example 4.1 1 

What capacitance must be connected in series with a 30 pF capacitor for the equivalent 
capacitance to be 12 pF? 

Solution 

Let C — 12 pF (the equivalent capacitance), Cy — 30 pF and C 2 be the unknown 
capacitance. 



For two capacitors in series — = — + — 

~ ~ Co 



Flence, 



C 

J_ 

cT 



c, 

j_ 

c 






_Cy~C 



and C 2 — 



CC 



t _ 



CCj 

12X30 



C X ~C 30-12 



360 

= = 20 uF 

18 



Example 4.12 

Capacitances of 1 pF, 3 pF, 5 pF and 6 pF are connected in parallel to a direct voltage 
supply of 100 V. Determine (a) the equivalent circuit capacitance, (b) the total charge and 
(c) the charge on each capacitor. 

Solution 

(a) The equivalent capacitance C for four capacitors in parallel is given by: 

C — Cy + C 2 + C3 + C4 
i.e., C — 1 + 3 + 5 + 6 - 15p,F 

(b) Total charge Q T — CV where C is the equivalent circuit capacitance 
i.e., Q t = 15 X 10~ 6 X 100 = 1.5 X 10~ 3 C = 1.5mC 
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(c) The charge on the 1 pF capacitor 
Qi = CiV= lx 1(T 6 X 100 

= 0.1 mC 

The charge on the 3 pF capacitor 
Q 2 = C 2 V=3X 10- 6 X 100 

= 0.3 mC 

The charge on the 5 pF capacitor 

03 — C^V — 5 X 10~ 6 X 100 

- 0.5 mC 

The charge on the 6 pF capacitor 

04 = C 4 V = 6 X 10~ 6 X 100 

= 0.6 mC 

[Check: In a parallel circuit: 

Qt = 0i + 02 + 03 + 04 
0i 02 03 "I" 04 = 0.1 + 0.3 + 0.5 + 0.6 

= 1.5 mC - 0 7 1 

Example 4.13 

Capacitances of 3 pF, 6pF and 12 pF are connected in series across a 350 V supply. 
Calculate (a) the equivalent circuit capacitance, (b) the charge on each capacitor and 
(c) the voltage across each capacitor. 

Solution 

The circuit diagram is shown in Figure 4.8. 

Ci=31iFC 2 =61iFC 3 =12MF 

— II — r — II — [ — II — 

■* — y — r— Vz — r* - V3 — 

F' 

A- V=350 V 

Figure 4.8: Circuit diagram for Example 4.1 3 
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(a) The equivalent circuit capacitance C for three capacitors in series is given by: 

C C| C 2 C 3 

1111 4+2+1 

i.e., — = — + — + — = 



So the equivalent circuit capacitance 




1 — pF 
7 



(b) Total charge Q T — CV, hence, 



Qt 



— X 1(T 6 X 350 = 600 pC or 0.6 rnC 
7 



Since the capacitors are connected in series, 0.6 mC is the charge on each of them. 

(c) The voltage across the 3 pF capacitor, 

y _ Q _ 0-6 X 10-3 

1 Cj 3 X 10^ 6 

= 200V 

The voltage across the 6 pF capacitor, 

y _ <2 _ 0-6 X 10-3 

2 C 2 6 X 10~ 6 

= 100V 

The voltage across the 12 pF capacitor, 

y _ 6 _ 0-6 X 10-3 

3 C 3 12 X 10~ 6 

- 50V 
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[Check: In a series circuit 

V = Vi + V 2 + V 3 

Vi + V 2 + V 3 - 200 + 100 + 50 - 350V 
= supply voltage.] 

In practice, capacitors are rarely connected in series unless they are of the same 
capacitance. The reason for this can be seen from the above problem where the lowest 
valued capacitor (i.e., 3 pF) has the highest voltage across it (i.e., 200 V) which means 
that if all the capacitors have an identical construction they must all be rated at the highest 
voltage. 



4.1 0 Dielectric Strength 

The maximum amount of field strength that a dielectric can withstand is called the 
dielectric strength of the material. 

V 

Dielectric strength, E m — - JR - 

d 



Example 4.14 

A capacitor is to be constructed so that its capacitance is 0.2 pF and to take a voltage of 
1.25 kV across its terminals. The dielectric is to be mica which, after allowing a safety 
factor of 2, has a dielectric strength of 50MV/m. Find (a) the thickness of the mica 
needed, and (b) the area of a plate assuming a two-plate construction. (Assume e r for 
mica to be 6.) 



Solution 

(a) Dielectric strength, E = — , i.e., d 

d 



V 

E 

1.25 X10 3 
50 X 10 6 

0.025 mm 
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(b) Capacitance, C = e ° e ''^ 



hence, area A = FL 

£ 0 £ r 

= 0.2 X 10~ 6 X 0,025 X 10~ 3 
8.85 X10~ 12 X 6 

- 0.09416 m 2 = 941.6 cm 2 



4.1 1 Energy Stored 

The energy, W, stored by a capacitor is given by: 

W — ^-CV 2 joules 



Example 4.1 5 

(a) Determine the energy stored in a 3 pF capacitor when charged to 400 V. (b) Find also 
the average power developed if this energy is dissipated in a time of 10 ps. 



^ CV 2 joules 

- X 3 X 10~ 6 X 400 2 
2 

-x 16X10- 2 
2 

0.24 J 



W = 24 kW 

10X10- 6 



Solution 

(a) Energy stored W 



(b) Power = 



Energy 

time 



Example 4.16 

A 12 pF capacitor is required to store 4 J of energy. Find the voltage to which the 
capacitor must be charged. 
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Solution 

Energy stored W - 

and V = V f ■ — 

C 



Example 4.1 7 

A capacitor is charged with 10 mC. If the energy stored is 1.2 J find (a) the voltage and 
(b) the capacitance. 

Solution 

Energy stored W — — CV 2 and C — — 

2 V 

Hence, W = -{—} V 2 = -QV 

2\V) 2 

2 W 

from which V — 

Q 

Q = lOmC = 10 X 10~ 3 C and W — 1.2J 
2 W 2X12 

(a) Voltage V - 0.24 kV or 240 V 

Q lOXlO- 3 

(b) Capacitance C — — 

V 



4.1 2 Practical Types of Capacitors 

Practical types of capacitors are characterized by the material used for their dielectric. 
The main types include: variable air, mica, paper, ceramic, plastic, titanium oxide, and 
electrolytic. 




1 9 W 

— CV 2 hence, V 2 — 

2 C 

_J[ 2X4 |_ /[ 2X10 6 ' 

V [l2XlO- 6 3 

- 816.5 V 
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Spindle 




Moving 

"plate 



Fixed 

plate 



Figure 4.9: End view of variable air capacitor 



Mica sheets 




Figure 4.1 0: Older construction mica capacitor 



1. Variable air capacitors. These usually consist of two sets of metal plates (such 
as aluminum) one fixed, the other variable. The set of moving plates rotate on a 
spindle as shown by the end view of Figure 4.9. 

As the moving plates are rotated through half a revolution, the meshing, and 
therefore the capacitance, varies from a minimum to a maximum value. Variable 
air capacitors are used in radio and electronic circuits where very low losses are 
required, or where a variable capacitance is needed. The maximum value of such 
capacitors is between 500pF and lOOOpF. 

2. Mica capacitors. A typical older type construction is shown in Figure 4.10. 

Usually the whole capacitor is impregnated with wax and placed in a bakelite 
case. Mica is easily obtained in thin sheets and is a good insulator. Flowever, 
mica is expensive and is not used in capacitors above about 0.2 pF. A modified 
form of mica capacitor is the silvered mica type. The mica is coated on both 
sides with a thin layer of silver, which forms the plates. Capacitance is stable 
and less likely to change with age. Such capacitors have a constant capacitance 
with change of temperature, a high working voltage rating and a long service life 
and are used in high frequency circuits with fixed values of capacitance up to 
about lOOOpF. 
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Metal end cap for 
connection to 




Figure 4.11: Typical paper capacitor 



Connection 






Connection 



vzzzzzzzzzzzaJ 



jzzzzzzzzzxz 



Ceramic 

tube 



\Conducting 
coating 
(e.g silver) 



Figure 4.12: Cross-section of tube of ceramic material 



3. Paper capacitors. A typical paper capacitor is shown in Figure 4. 1 1 where 
the length of the roll corresponds to the capacitance required. The whole is 
usually impregnated with oil or wax to exclude moisture, and then placed in 
a plastic or aluminum container for protection. Paper capacitors are made in 
various working voltages up to about 150kV and are used where loss is not very 
important. The maximum value of this type of capacitor is between 500pF and 
10 pFi Disadvantages of paper capacitors include variation in capacitance with 
temperature change and a shorter service life than most other types of capacitor. 

4. Ceramic capacitors. These are made in various forms, each type of construction 
depending on the value of capacitance required. For high values, a tube of 
ceramic material is used as shown in the cross-section of Figure 4.12. For 
smaller values the cup construction is used as shown in Figure 4. 13, and for 
still smaller values the disc construction shown in Figure 4.14 is used. Certain 
ceramic materials have a very high permittivity and this enables capacitors 

of high capacitance to be made which are of small physical size with a high 
working voltage rating. Ceramic capacitors are available in the range 1 pF to 
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Figure 4.13: Cup construction 



Ceramic 




Conducting 

coatings 



Figure 4.14: Disc construction 



0. 1 pF and may be used in high frequency electronic circuits subject to a wide 
range of temperatures. 

5. Plastic capacitors. Some plastic materials such as polystyrene and Teflon can 
be used as dielectrics. Construction is similar to the paper capacitor but using a 
plastic film instead of paper. Plastic capacitors operate well under conditions of 
high temperature, provide a precise value of capacitance, a very long service life 
and high reliability. 

6. Titanium oxide capacitors have a very high capacitance with a small physical 
size when used at a low temperature. 

7. Electrolytic capacitors. Construction is similar to the paper capacitor with 
aluminum foil used for the plates and with a thick absorbent material, such 
as paper, impregnated with an electrolyte (ammonium borate), separating the 
plates. The finished capacitor is usually assembled in an aluminum container 
and hermetically sealed. Its operation depends on the formation of a thin 
aluminum oxide layer on the positive plate by electrolytic action when a 
suitable direct potential is maintained between the plates. This oxide layer is 
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very thin and forms the dielectric. (The absorbent paper between the plates is a 
conductor and does not act as a dielectric.) Such capacitors must always be used 
on DC and must be connected with the correct polarity; if this is not done the 
capacitor will be destroyed since the oxide layer will be destroyed. Electrolytic 
capacitors are manufactured with working voltage from 6 V to 600 V, although 
accuracy is generally not very high. These capacitors possess a much larger 
capacitance than other types of capacitors of similar dimensions due to the oxide 
film being only a few microns thick. The fact that they can be used only on DC 
supplies limit their usefulness. 

4.13 Inductance 

Inductance is the name given to the property of a circuit whereby there is an e.m.f. 
induced into the circuit by the change of flux linkages produced by a current change. 
When the e.m.f. is induced in the same circuit as that in which the current is changing, 
the property is called self-inductance, L. When the e.m.f. is induced in a circuit by a 
change of flux due to current changing in an adjacent circuit, the property is called mutual 
inductance, M. The unit of inductance is the henry, H. 

A circuit has an inductance of one henry when an e.m.f. of one volt is induced in it by a 
curren t changing at the rate of one ampere per second. 

Induced e.m.f. in a coil of N turns, 

E — —N volts 

dt 

where is the change in flux in webers, and dt is the time taken for the flux to change in 
seconds (i.e., d'lddt is the rate of change of flux). 

Induced e.m.f. in a coil of inductance L henrys, 

E — —L — volts 
dt 

where dl is the change in current in amperes and dt is the time taken for the current to 
change in seconds (i.e., dlldt is the rate of change of current). The minus signs in each of 
the above two equations remind us of its direction (given by Lenz’s law). 
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Example 4.18 

Determine the e.m.f. induced in a coil of 200 turns when there is a change of flux of 
25 mWb linking with it in 50ms. 



Solution 



d$ 

Induced e.m.f. E = —N — = —(200) 

dt 



25 X 10~ 3 
50 X 10~ 3 



- — 100 volts 



Example 4.19 

A flux of 400 pWb passing through a 150-turn coil is reversed in 40ms. Find the average 
e.m.f. induced. 



Solution 

Since the flux reverses, the flux changes from +400 pWb to — 400 pWb, a total change of 
flux of 800 |i Wb 



Induced e.m.f. E — —N — = 

dt 



-(150) 



800 X 10~ 6 



40 X 10~ 3 
150 X 800 X 10 3 ) 
40 X 10 6 



Flence the average e.m.f. induced E = — 3 V 

Example 4.20 

Calculate the e.m.f. induced in a coil of inductance 12 H by a current changing at the rate 
of 4 A/s. 

Solution 

Induced e.m.f. E — —L — — — (12)(4) = —48 volts 



Example 4.21 

An e.m.f. of 1.5 kV is induced in a coil when a current of 4 A collapses uniformly to zero 
in 8 ms. Determine the inductance of the coil. 
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Solution 

Change in current, dl = (4 — 0) = 4 A; dt — 8 ms = 8 X 10~ 3 s; 



dl_ _ 4 

dt 8 X 10~ 3 



4000 

8 



500 A/s; 



E = 1.5 kV = 1500 V 



Since \E\ — L 




inductance, L 



jgl 

(. dl/dt ) 



1500 

500 



3H 



(Note that \E\ means the “magnitude of E” which disregards the minus sign.) 



4.14 Inductors 

A component called an inductor is used when the property of inductance is required in a 
circuit. The basic form of an inductor is simply a coil of wire. 

Factors which affect the inductance of an inductor include: 

(i) the number of turns of wire — the more turns, the higher the inductance. 

(ii) the cross-sectional area of the coil of wire — the greater the cross-sectional area 
the higher the inductance. 

(iii) the presence of a magnetic core — when the coil is wound on an iron core, the same 
current sets up a more concentrated magnetic field and the inductance is increased. 

(iv) the way the turns are arranged — a short thick coil of wire has a higher 
inductance than a long thin one. 

Two examples of practical inductors are shown in Figure 4.15, and the standard electrical 
circuit diagram symbols for air-cored and iron-cored inductors are shown in Figure 4. 16. 

An iron-cored inductor is often called a choke since, when used in AC circuits, it has a 
choking effect, limiting the current flowing through it. Inductance is often undesirable 
in a circuit. To reduce inductance to a minimum, the wire may be bent back on itself, as 
shown in Figure 4.17, so that the magnetizing effect of one conductor is neutralized by 
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Iron 

core 




Laminated 
iron core 




Figure 4.1 5: Two examples of practical inductors 



Air-cored inductor 



Iron-cored inductor 

Figure 4.1 6: Standard electrical symbols for air-cored and iron-cored inductors 



Insulator 




Figure 4.1 7: Wire coiled around an insulator to form an inductor 
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that of the adjacent conductor. The wire may be coiled around an insulator, as shown, 
without increasing the inductance. Standard resistors may be non-inductively wound in 
this manner. 

4.1 5 Energy Stored 

An inductor possesses an ability to store energy. The energy stored, W, in the magnetic 
field of an inductor is given by: 

W = ^ LI 2 joules 

Example 4.22 

An 8 H inductor has a current of 3 A flowing through it. How much energy is stored in the 
magnetic field of the inductor? 

Solution 

Energy stored, W = ^ LI 2 = ^ (8)(3) 2 = 36 joules 
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CHAPTER 5 



DC Circuit Theory 

John Bird 



5.1 Introduction 

The laws that determine the currents and voltage drops in DC networks are: (a) Ohm’s 
law, (b) the laws for resistors in series and in parallel, and (c) Kirchhoff’s laws (see 
Section 5.2). In addition, there are a number of circuit theorems that have been developed 
for solving problems in electrical networks. These include: 

(i) the supeiposition theorem (see Section 5.3), 

(ii) Thevenin’s theorem (see Section 5.5), 

(iii) Norton’s theorem (see Section 5.7), and 

(iv) the maximum power transfer theorem (see Section 5.9). 

5.2 Kirchhoff’s Laws 

Kirchhoff’s laws state: 

(a) Current Law. At any junction in an electric circuit the total current flowing 
towards that junction is equal to the total current flowing away from the 
junction, i.e., XII = 0. 

Thus, referring to Figure 5. 1 : 

/, + l 2 = f + l 4 + I 5 or, 

h + h ~ h ~ h ~ h = o 
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e 2 

Figure 5.2: Loop showing Kirchhoff’s voltage law 



(b) Voltage Law. In any closed loop in a network, the algebraic sum of the voltage 
drops ( i. e . , products of current and resistance) taken around the loop is equal to 
the resultant e.m.f acting in that loop. 

Thus, referring to Figure 5.2: 

Ei — f?2 = IR\ T IR 2 IR 3 

(Note that if current flows away from the positive terminal of a source, that 
source is considered by convention to be positive. Thus, moving anticlockwise 
around the loop of Figure 5.2, E x is positive and E 2 is negative.) 

Example 5. 1 

(a) Find the unknown currents marked in Figure 5.3(a). (b) Determine the value of e.m.f. 
E in Figure 5.3(b). 

Solution 

(a) Applying Kirchhoff’s current law: 

For junction B: 50 = 20 + f . /j = 30 A 
For junction C: 20 + 15 = / 2 . 12 = 35 A 
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Figure 5.3: Figures for Example 5.1 

For junction D: I\ = / 3 + 120 

i.e., 30 = / 3 + 120. / 3 = —90 A 

(i.e., in the opposite direction to that shown in Figure 5.3(a)) 

For junction E: / 4 + / 3 = 15 
i.e., / 4 = 15 - (—90). 

I 4 = 105 A 

For junction F: 120 = / 5 + 40. / 5 = 80 A 

(b) Applying Kirchhoff ’s voltage law and moving clockwise around the loop of Figure 
5.3 (b) stalling at point A: 

3 + 6+E — 4 = (f)(2) + (/)( 2.5) + (7)(1.5) + (7)(1) 

= 7(2 + 2.5 + 1.5 + 1) 
i.e., 5 + E — 2(7), since I — 2 A 

E = 14 - 5 = 9V 



Example 5.2 

Use Kirchhoff’s laws to determine the currents flowing in each branch of the network 
shown in Figure 5.4. 

Solution 

Procedure 

1. Use Kirchhoff’s current law and label current directions on the original circuit 
diagram. The directions chosen are arbitrary, but it is usual, as a starting point, to 
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Figure 5.4: Network for Example 5.2 



/i / 2 




Figure 5.5: Labeling current directions 



assume that current flows from the positive terminals of the batteries. This is shown 
in Figure 5.5 where the three branch currents are expressed in terms of / , and I 2 only, 
since the current through R is /, + I 2 . 

2. Divide the circuit into two loops and apply Kirchhoff ’s voltage law to each. From 
loop one of Figure 5.5, and moving in a clockwise direction as indicated (the 
direction chosen does not matter), gives: 

E] = Ip\ + U] + 1 2 ) R, i.e., 4 = 2/j + 4 (7, + / 2 ), 

i.e., 6 7) + 4 / 2 = 4 (5.1) 

From loop 2 of Figure 5.5, and moving in an anticlockwise direction as indicated 
(once again, the choice of direction does not matter; it does not have to be in the same 
direction as that chosen for the first loop), gives: 

E 2 — I 2 r 2 + (7j + 1 2 ) R, i.e., 2 = / 2 + 4 (7j + 7 9 ), 

i.e., 47, + 57 2 = 2 (5.2) 
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h 




3. Solve equations (1) and (2) for and I 2 . 

2 X (1) gives: 12/ x +8 / 2 =8 

3 X (2) gives: 12/j + 157, = 6 

(3) — (4) gives: — 7/ 2 = 2 hence, / 2 — — y — —0.286 A 
(i.e., I 2 is flowing in the opposite direction to that shown in Figure 5.5.) 

From (1)6/! + 4 (-0.286) - 4 
6 I x = 4 + 1.144 
5 144 

Hence. 7, - 0.857 A 

1 6 

Current flowing through resistance R is, 

7j + 7 2 = 0.857 + (-0.286) - 0.571 A 

Note that a third loop is possible, as shown in Figure 5.6, giving a third equation that 
can be used as a check: 

E\ — E 2 = I y r i — l 2 r 2 
4 - 2 = 21 y - I 2 
2 = 2/!- / 2 

[Check: 2/j - / 2 = 2(0.857) - (-0.286) - 2] 



(5.3) 

(5.4) 
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Example 5.3 

Determine, using Kirchhoff ’s laws, each branch current for the network shown in 
Figure 5.7. 

Solution 

1. Currents and their directions arc shown labeled in Figure 5.8 following Kirchhoff ’s 
current law. It is usual, although not essential, to follow conventional current flow with 
current flowing from the positive terminal of the source. 

2. The network is divided into two loops as shown in Figure 5.8. Applying Kirchhoff’s 
voltage law gives: 

For loop one: 

+ E 2 = I i R l + 1 2^2 

i.e., 16 = 0.5/ 1 +2/ 2 (5.5) 

For loop two: 

f ?2 — ERi - (I I - I2) R3 



F1 1 = 
0.5 0 



^i = 4V 



'E 2 =12V 

[ 1 ^ 3=50 

W.J 



Figure 5.7: Network for Example 5.3 







Figure 5.8: Labeling current directions 



www.newnespress.com 




More Books Visit : www.iqbalkalmati.blogspot.com 



DC Circuit Theory 87 



Note that since loop two is in the opposite direction to current (/, — / 2 ), the voltage 
drop across R 2 (i.e., (I | — / 2 ) (7? 3 )) is by convention negative. 



Thus, 12 = 21 2 — 5(7, +/ 2 ) 
i.e., 12 = — 5/j + 7/ 2 



(5.6) 



3. Solving equations (5.1) and (5.2) to find /[ and / 2 : 

10 X (1) gives 160 = 5/ x + 20 / 2 

(5.6) + (5.7) gives 172 = 27/ 2 hence, / 2 — = 6.37 A 



From (1): 16 = 0.5/ x + 2(6.37) 

16 - 2(6.37) 



A ^ 



0.5 



= 6.52 A 



Current flowing in R 3 = 7 X — I 2 = 6.52 — 6.3 

= 0.15 A 



(5.7) 



Example 5.4 

For the bridge network shown in Figure 5.9 determine the currents in each of the 
resistors. 

Solution 

Let the current in the 2 (1 resistor be /,; then by Kirchhoff’s current law, the current in the 
14(1 resistor is (I — 7j). Let the current in the 32(1 resistor be I 2 as shown in Figure 5.10. 
Then the current in the 1 1 (1 resistor is (/ — / 2 ) and that in the 3 (1 resistor is (/ — 7 X + / 2 ). 



/= 8 A 




Figure 5.9: Bridge network for Example 5.4 
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Applying Kirchhoff ’s voltage law to loop one and moving in a clockwise direction as 
shown in Figure 5.10 gives: 

54 - 27, +11 (7, - / 2 ) 

i.e., 13/, — 1 1/ 2 = 54 (5.8) 

Applying Kirchhoff ’s voltage law to loop two and moving in an anticlockwise direction 
as shown in Figure 5.10 gives: 

0 - 2/, + 32 L - 14(7 - /,) 

Flowever, I — 8 A 

Hence, 0 - 2/, + 32 1 2 — 14(8 — /,) 

i.e., 167, +32/ 2 = 112 (5.9) 



Equations (5.8) and (5.9) are simultaneous equations with two unknowns, 7, and 7 2 . 

16 X (1) gives: 208/, - 176/ 2 = 864 (5.10) 

13 X (2) gives: 2087, + 416/ 2 - 1456 (5.11) 

(4) - (3) gives: 592/ 2 - 592 

I 2 = 1A 

Substituting for / 2 in (1) gives: 

137 2 - 11 = 54 




Figure 5.10: Labeling directions 
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the current flowing in the 2 fl resistor — f — 5A 
the current flowing in the 14 resistor = / — /, 

= 8 - 5 = 3A 

the current flowing in the 32 Q resistor = / 2 = 1 A 
the current flowing in the 110 resistor = /, — / 2 = 5 — 1 

= 4A and 

the current flowing in the 3 fl resistor — I — I 1 + I 2 

=8-5+1 

= 4A 

5.3 The superposition Theorem 

The superposition theorem states: 

“In any network made up of linear resistances and containing more than one source of 
e.m.f, the resultant current flowing in any branch is the algebraic sum of the currents 
that would flow in that branch if each source was considered separately, all other sources 
being replaced at that time by their respective internal resistances.” 

Example 5.5 

Figure 5.1 1 shows a circuit containing two sources of e.m.f.. each with their internal 
resistance. Determine the current in each branch of the network by using the 
superposition theorem. 





> 

CM 

II 

m 

— Il“ 


f|fi=4n 




[j]r 1 =2 £2 


J]r 2 =U2 



Figure 5.11: Circuit for Example 5.5 
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Solution 

Procedure: 

1 . Redraw the original circuit with source E 2 removed, being replaced by r 2 only, as 
shown in Figure 5.12(a). 

2. Label the currents in each branch and their directions as shown in Figure 5. 12(a) and 
determine their values. (Note that the choice of current directions depends on the battery 
polarity, which, by convention is taken as flowing from the positive battery terminal as 
shown.) R in parallel with r 2 gives an equivalent resistance of: 



4 + 1 

From the equivalent circuit of Figure 5. 12(b), 

/, - — ^ — - — - — = 1.429 A 

>] - 0.8 2 + 0.8 



From Figure 5. 12(a), 



h = 



4 + 1 



/, - —(1.429) = 0.286 A 



And, 



h 



4 4 

/, = -(1.429) 

4 + 1 J 1 5 

1. 143 A by current division 



h k /i 





■ /o 








n 

> 

'4 

II 

4J 


I 


i^M 

'•-'1 

'tf 

II 

cc 


rz=1Q T d 






r, = 2 ON 


I . 




(b) 1 



Figure 5.12: (a) Redrawn circuit; (b) Equivalent circuit 
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3. Redraw the original circuit with source E x removed, being replaced by r, only, as 
shown in Figure 5.13(a). 

4. Label the currents in each branch and their directions as shown in Figure 5.13(a) and 
determine their values. r x in parallel with R gives an equivalent resistance of: 



2X4 
2 + 4 



- = 1.3330 

6 



From the equivalent circuit of Figure 5. 13(b) 
E 0 2 

L = 2 = = 0.857 A 

1.333 + r 2 1.333 + 1 



From Figure 5. 13(a) 



1 5 = 



h = 



2 + 4 
4 



2 + 4 



-(0.857) = 0.286 A 

6 

-(0.857) = 0.571 A 

6 



5. Superimpose Figure 5. 13(a) on to Figure 5. 12(a) as shown in Figure 5.14. 

6. Determine the algebraic sum of the currents flowing in each branch. 
Resultant current flowing through source 1, i.e., 

I x - I 6 = 1.429 - 0.571 

= 0.858 A (discharging) 



U 

-E 2 = 2V 

1.333 £2 

r 2 = IQ 



(b) 

Figure 5.13: (a) Redrawn circuit; (b) Equivalent circuit 



-Eo = 2 V 



Q 



I fi 'A 



/i = 2Q 



fl=4£2 



(a) 
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k U 




0.858 A 0.286 A 




Figure 5.1 5: Resultant currents and their directions 



Resultant current flowing through source 2, i.e., 

/ 4 -/ 3 = 0.857 - 1.143 

= —0.286 A (charging) 

Resultant current flowing through resistor R, i.e., 

I 2 + / 5 = 0.286 + 0.286 

= 0.572 A 

The resultant currents with their directions are shown in Figure 5.15. 

Example 5.6 

For the circuit shown in Figure 5.16. find, using the superposition theorem, (a) the current 
flowing in and the voltage across the 1 8 resistor, (b) the current in the 8 V battery and 
(c) the current in the 3 V battery. 
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